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Large benthic foraminiferaCalcium carbonate shells produced by large benthic foraminifers (LBF) are major components in sediments on
coral reef islands. Quantifying growth patterns of LBFs is important for accurate estimation of calcium carbonate
production. To quantify the growth pattern of Baculogypsina sphaerulata in a tropical area, we developed a novel
rearing method with high survival rate (N90%) by creating constant disturbance with the combination of a ﬂoat-
ing chamber and coral sand. Through the rearing experiments, coral sand has a signiﬁcant inhibitory effect on
lethal epiphyte infestation on B. sphaerulata in a rearing chamber. This implies that the inhibitory effect by such
disturbance on the epiphyte may be one of the reason that B. sphaerulata prefer the most exposed areas among
LBFs. The novel rearing method allowed the quantiﬁcation of the relationship between size and growth rate.
The growth rate of B. sphaerulata showed size dependence with a peak at 0.8–1.2 mm2, and development time
to adult size was estimated at 1.3 year with substantial variation induced by variability in growth parameters.
The estimated development time is similar to that reported in subtropical areas (1.5 year). This quantiﬁed growth
pattern of the species will apply to the analysis of population dynamics and estimation of CaCO3 productions of
the species in a tropical area.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Algal symbiont-bearing large benthic foraminifers (LBFs) are widely
distributed around coral reefs and often form high-density populations
on reef ﬂats. LBFs play amajor role in calcium carbonate (CaCO3) produc-
tion within coral reef ecosystems (Fujita and Fujimura, 2008; Hallock,
1981a). In some of the Indo-Paciﬁc coral reefs, LBF CaCO3 production
can make up to more than 30–90% of the reef deposits (Chapman,
1901; Langer et al., 1997; Kayanne et al., 2011; Yamano et al., 2000). Al-
though LBFs contribute to the formation and maintenance of coral reefs,
anthropogenic nutrients induced by human activities on coral reefs
change the community structure of benthic foraminifera (Cockey et al.,
1996; Hirshﬁeld et al., 1968). In this context, a reduction of CaCO3 pro-
duction by benthic foraminifera after degradation of coastal environ-
ments has been concerned (Hallock et al., 2003; Osawa et al., 2010).
With anthropogenic environmental change, accurate estimation for
CaCO3 production derived from the growth of these organisms has.V. Open access under CC BY-NC-NDbecome increasingly important in terms of prediction and management
for coral reef islands. It has been reported that LBFs contribute
signiﬁcantly to the stabilization of reefal frameworks and that they add
more than 1 kg of CaCO3 m−2year−1 to coral reef carbonate sediment
(Hallock, 1981a; Langer, 2008; Langer et al., 1997). In a series of studies
by Langer and colleagues, production estimates are calculated from sedi-
ment data on reef platforms. This approach emphasized actual contribu-
tion as a sediment component via processes from sand production by
LBFs to transportation and deposition. However, direct estimation of
CaCO3 production (i.e., shell formation) based on body size increment
(i.e., growth) in LBF is also important in terms of evaluating the inﬂuence
of environmental degradation on sand producers.
Generally, it is difﬁcult to know the growth parameters of marine
organisms because of the difﬁculty of direct observation. In many
cases, growth parameters are investigated by analyzing population
structure in the ﬁeld. For example, clear seasonal change in
population structure in a subtropical area is known in Amphisorus
hemprichii population in the Gulf of Elat (Zohary et al., 1980) and
Archaias angulatus population in Florida (Hallock et al., 1986), and
these structure changes make it possible to estimate CaCO3 produc-
tions of these species. However, water temperature in tropical
areas, where LBFs are mainly distributed, shows little seasonal
ﬂuctuation. Thus, it is difﬁcult to use changes in population structure
to estimate growth patterns in tropical zones. One simple solution is license.
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For example, Muller (1974) reared Amphistegina madagascariensis
under laboratory conditions to quantify size increment against time
and developed a method for estimating sand production based on a
difference between the expected size of a structure after a certain
period of time and the observed size of the structure. Further, the
author successfully estimated sand production by Asterigerinidae,
Calcarinidae, and Nummulitidae in Hawaii and Palau (Hallock,
1981a). These studies are among the few that quantify growth
pattern of LBFs for their whole life history in tropical regions.
Baculogypsina sphaerulata dominate in the sediments on some
Indo-western Paciﬁc coral reefs (e.g. Collen and Garton, 2004;
Dawson et al., 2012; Yamano et al., 2000). On the growth of the
species, Sakai and Nishihira (1981) and Hohenegger (2006) investi-
gated population dynamics in northern marginal habitat, reporting a
17-month life span and a reproductive peak at spring to summer.
However, to estimate sand production by the species in a tropical
region, the growth pattern should be identiﬁed in an environment
with less seasonality. In the present study, we ﬁrst identiﬁed suitable
rearing conditions for the species and then quantiﬁed growth pattern
using those rearing conditions. From empirical studies, B. sphaerulata
prefer shallow (b5 m) conditions and the most exposed area among
LBFs (Hallock, 1984; Hohenegger, 1994, 2004, 2006; Hohenegger et
al., 1999). These habitats are characterized by coral sand and con-
stant wave disturbance. Therefore, we focused on disturbance by a
combination of water motion and coral sand as suitable conditions
for B. sphaerulata, and we examined whether the presence of coral
sand affects the survival rate of this species. Then, we measured the
relationship between size and instantaneous growth rate by tracking
individual size change under these rearing conditions to quantify the
growth pattern in a tropical area.
2. Materials and methods
2.1. Experiments to detect suitable rearing conditions
For B. sphaerulata, which live in intertidal zones, we adopted a
rearing system developed for intertidal small crustaceans (Hosono,
2009, 2011). This system consists of small chambers for incubating
organisms (ﬂoating chamber; Fig. 1A) and an outer tank to move
chambers randomly by water current (Fig. 1B). A plastic bottle
(100 ml) with two openings (300 μmmeshed) was used as a ﬂoating
chamber. This chamber has positive buoyancy in the seawater-ﬁlledFig. 1. Photographs of rearing system: (A) a ﬂoating chamber for rearing Baculogypsinacondition. About 300 B. sphaerulata individuals with a size range
of 0.5–0.7 mm2 in area of the two-dimensional projection
(0.65–0.76 mm in diameter) were prepared for each chamber.
We prepared six chambers: three chambers with 1.0 ml of coral
sand (300–500 μm in diameter) and three chambers without sand.
Green algae Boodea (2 cm) were put in all chambers as a substrate
for B. sphaerulata. A large, ﬁber-reinforced plastic tank was used for
the outer tank (length: 4 m, width: 2 m, depth: 0.3 m). Water
current within the tank was controlled by a pump, allowing the
chambers to ﬂoat with a velocity of about 20–30 cm/s (Fig. 2B).
Seawater in the outer tank was replaced at a rate of about 1000 ml/
min. The tank was placed in an outdoor location of the
Fisheries Department in Tuvalu. During the experiment, water tem-
perature and light intensity were monitored every hour, and pH was
checked every day. Mean water temperature was 29.2 °C (±0.92 SD),
which is similar to local sea surface temperature. Mean maximum light
intensity in daytime was 1737 μmol photons m−2 s−1(±826.2 SD).
Mean pH was 8.25 (±0.06 SD).
The experiment was conducted from March 16 to May 12, 2011,
without maintenance except for water circulation by a pump. At the
endof theperiod, chamberswere recovered andB. sphaerulata specimens
were checked under a stereomicroscope. For all specimens, presence of
algal symbionts inside the shell and non-infestation by epiphytes such
as ﬁlamentous cyanobacteria on shell surface were checked. When
infestation by epiphytes was observed, we cut the individual with a
micro nipper to check the condition of symbiont and plasma inside the
shell. Survivalwas deﬁned bywhether the symbiont could be recognized.
To examine the effect of coral sand on survival rate, we used a
mixed-effect logistic model with survival (i.e., alive or dead) in
each individual as a response variable, coral sand (with or without)
as a ﬁxed effect, and chamber number (1–6) as a random effect.
Signiﬁcance of the sand effect was tested with a likelihood-ratio
test for the model and null (random effect only) mode.
2.2. Experiments for individual growth rate
Experiments for growth rate were conducted over two periods:
December 11, 2011 to January 19, 2012, and January 22 to March 6,
2012. Specimens were collected randomly from natural habitats. A
total of ten chambers were prepared, and 6–8 specimens were kept
in each chamber (72 individuals in total in the ﬁrst period and 69
individuals for the second period). All specimens were imaged
under a stereomicroscope (Olympus SZX-10) with a digital camerasphaerulata and (B) underwater photograph of a ﬂoating chamber in an outer tank.
Fig. 2. Photographs of Baculogypsina sphaerulata after rearing experiment: (A) normal individual and (B) individual covered with epiphytes.
Table 1
Effects of sand on survival rate of Baculogypsina sphaerulata. Numbers of individuals at
start and end of experiments are shown.
March May Survival rate
(Individuals) (Individuals) (%)
Sand + algae 315 302 95.9
Sand + algae 311 303 97.4
Sand + algae 308 285 92.5
Algae 304 181 59.5
Algae 310 – lost
Algae 311 221 71.1
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of specimens were analyzed with the image analysis software ImageJ
(http://rsbweb.nih.gov/ij/), and specimen sizes were measured as the
area of the two-dimensional projection. Individual specimens were
identiﬁed according to characteristics such as size, shape of spines
and conﬁguration of shapes.
2.3. Estimation for growth parameters
Hohenegger (2006) showed thatweight increments of B. sphaerulata
against time were well ﬁtted with an exponent function: Weight =
exp(0.39–205.5/day) (r2 = 0.95). Muller (1974) quantiﬁed the size
increments of A. madagascariensis under laboratory condition and
showed that the growth pattern was ﬁtted with the von Bertalanffy
growth curve. A Richards curve (a general logistic function) and a
Gompertz curve are empirically known to be useful for describing
growth pattern of foraminifera. However in the preliminary
examination, estimation process for the parameters in the growth
models did not converge under a Bayesian statistical framework.
Therefore, we assumed that the relationship between time and size
of B. sphaerulata followed a simple logistic curve, and we ﬁtted a
logistic differential equation to the observed data of size and size
increment (growth rate per day). Our logistic differential equation
is as follows:
G ¼ Stþ1−St
 
=D ¼ rSt K−Stð Þ=K;
where G is growth rate at size St, S is size in area of B. sphaerulata at
measurement t, D is rearing period from t to t + 1, r is theoretical
maximum growth rate, and K is a theoretical maximum size.
Inference for r and K in growth curve was performed within a
Bayesian statistical framework. In Bayesian analysis, estimates of
unknown parameters are given as probability distributions called
“posteriors” (Gelman et al., 2003). These posteriors are obtained by
the integration of the data likelihood with their relevant information
expressed in prior probability distributions. When analytical solu-
tions are not feasible, posteriors are approximated by random sam-
ples taken from it. If the inclusion of external information is not
possible or desirable, appropriate non-informative priors are chosen
instead.We used non-informative priors for all parameters (r, K) and
for the variance of these parameters. Samples from the posterior
distributions were drawn by the method of Markov Chain Monte
Carlo (Gelman et al., 2003). All analyses were performed with
software R 2.14 (R Development Core Team, 2011), R2WinBUGS
(Sturtz et al., 2005), and WinBUGS (The BUGS Project, www.mrc-bsu.
cam.ac.uk/bugs/) to specify models and perform the Bayesian analysis.Posterior means were used as parameter estimates. Uncertainty
about these estimates was expressed in 95% credible intervals with
lower and upper limits equal to the quantiles 2.5 and 97.5% of the
posterior sample, respectively. Credible intervals are the Bayesian
analog to conﬁdence intervals.
From the estimated differential equation, we predicted a logistic
growth curve showing size-at-time: Area = K/{1 + αexp(−rt)}.
The constant α was set at 24.9 on the assumption that the growth
curve would pass the point of 0.23 mm2 size at 150 days from
December 31, according to the equation in Hohenegger (2006).
Then, the logistic growth curve was predicted under the posterior
distribution of r and K.3. Results
3.1. Floating chamber method with coral sand
Survival rates in chambers No. 1–3 with coral sandwere 92.5–97.4%
after rearing for 57 days. In contrast, survival rates in chambers without
sand were 59.2 and 71.9%, except for the accidentally lost chamber
No. 5 (Table 1). The likelihood ratio test showed that coral sand signiﬁ-
cantly affected survival rate (Table 2). Surface structures speciﬁc to
B. sphaerulata could be recognized in normal individuals after the
rearing period (Fig. 2A). Infestation by epiphytes on B. sphaerulata
surface was frequently observed in the chambers without sand. In
most individuals whose symbionts could not be recognized, epi-
phytes covered the entire surface of B. sphaerulata (Fig. 2B). Several
epiphyte-infested individuals were also observed in the chambers
with sand, but the infested area on the surface was limited. We
could not observed directly how infestation of epiphytic algae on
the surface of B. sphaerulata was inhibited, but it was observed that
the coral sand constantly ﬂowed over the substrate algae and
foraminifers in a rearing chamber which moved randomly due to
Table 2
Results of likelihood ratio test to examine the sand effect on Baculogypsina sphaerulata survival rate. Df: degree of freedom, AIC: Akaike information criteria, BIC: Bayesian information
criteria, LL: Log likelihood.
Model: variables Df AIC BIC LL χ2 χ Df P-value
Null model: (chamberNo) 2 1158.4 1169.1 −577.2
Model: treatment + (chamberNo) 3 1148.1 1164.2 −571.1 12.24111 1 0.000467
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strate algae was observed in the chamber without coral sand.
3.2. Growth pattern of B. sphaerulata
Individuals with a size range of 0.10–2.39 mm2 were reared
under the conditions described in the ﬁrst experiment, and the
relationship between change of growth rate and size was examined.
Growth rate of B. sphaerulata showed wide variation among individ-
uals (0–0.008 mm2/day, Fig. 3). There is an upper limit in the growth
rates at the size range of 0.1–0.5 mm2, suggesting that two- or three-fold
size increment per day is physically impossible for B. sphaerulata, which
form chambers by means of calciﬁcation. In the size range of
0.5–1.0 mm2, growth rates tended to be higher than for the
other size ranges, and low growth rate (0–0.001 mm2/day) was
not observed. FromBayesian estimation for logistic differential equation
ﬁtted to these growth rates, the growth parameter r was estimated at
0.0065 mm2/day with wide variation (0.0031 and 0.0093 at 2.5 and
97.5% quantiles), and the theoretical maximum size K was estimated
at 2.66 mm2 with wide variation (1.89 and 6.6 at 2.5 and 97.5%
quantiles; Fig. 4). The instantaneous growth rate of B. sphaerulata
showed size-dependence with a peak at 0.8–1.2 mm2 (Fig. 3).
Size change against time was predicted using estimated r and K and
was comparedwith the growth curve obtained in the sub-tropical zone
(Fig. 5). Predicted size has a large credible interval. This interval
completely includes the growth curve obtained in a sub-tropical zone
by Hohenegger (2006) (Fig. 5). In the sub-tropical population, which
has clear generation exchange, the new generation was produced by
asexual reproduction when the size mode of an adult generation is at
1.7 mm2 (1.1 mg1/3 in weight, Hohenegger (2006)). Development
time from initial size of 0.29 mm2 to adult size of 1.7 mm2 is estimated
at about 550 (=700–150) days in a sub-tropical zone, and the time0.5 1.0 1.5 2.0
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Fig. 3. Relation between size and growth rate. Black circles indicate observed data. The
solid line is the estimated growth curve of logistic differential equation. Dashed lines
are 95% credible interval (95% CRI).estimated in this study is at 480 (=630–150) days, with large variation.
These development times were similar to each other (Fig. 5).
4. Discussion
4.1. Effect of coral sand
This study shows that it is possible to rear B. sphaerulatawith high
survival rate (N90%) by using a ﬂoating chamber method. Because
this species prefers the most exposed inter- and sub-tidal zone at
the open-ocean side of coral reefs (Hohenegger, 1994, 2004, 2006;
Hohenegger et al., 1999), we prepared an outdoor environment and
ﬂoating chamber system to satisfy the conditions of high light
intensity and constant disturbance by wave action, as in their habitat.
Through the rearing experiment, epiphyte infestation was frequently
observed within the ﬂoating chamber, but this infestation could be
inhibited by adding coral sand. However it is impossible to determine
whether the inhibitory mechanism is physical process of disturbance
by coral sand, or chemical process that adding calcium carbonate
particles helps foraminifera to calcify in a semi-closed chamber.
Chemical effect of coral sand on the infestation will be examined
through comparative experiments using silicate particles and coral
sands. As to physical process of coral sand, disturbance by waves
and sand is usually harmful for LBFs, because the disturbance can
cause abrasion on the shell surface or breakage of shells. On the
other hand, under the high light intensity conditions that characterize
the habitat for B. sphaerulata, epiphytal microalgae can easily over-
grow. For example, it was reported that many epiphytes abundantly
exist on the coral sand in sheltered areas of lagoonal reef (Werner
et al., 2008). Under high light intensity, B. sphaerulatawith hard shells
and less motility would be easily covered with epiphytes, similar to
the case of coral sand in lagoons. This means that B. sphaerulata
may not always have an advantage under high light-intensity
conditions. However, under conditions of high light intensity with
constant disturbance by water motion and coral sand, B. sphaerulata
and their symbiotic algae within hard shells may have an advantage
over delicate epiphytes. Through the rearing experiments, we observed
epiphyte infestation on B. sphaerulata in the chambers and inhibition of
the infestation by the addition of coral sand. This suggests that the
environmental conditions supporting high light availability and con-
stant inhibition of epiphytic algae infestation could be one of the
reasons why B. sphaerulata prefer the most exposed area among LBFs.
4.2. Growth pattern in B. sphaerulata
Under this rearing condition, B. sphaerulata showed a size-dependent
growth pattern with a peak at 0.8–1.2 mm2. For growth patterns in
Amphistegina spp., Muller (1974) and ter Kuile and Erez (1984) showed
a negative correlation between instantaneous growth rate and size.
Although growth rate in smaller sizes of A. madagascariensis was not
mentioned in Muller (1974), a lower growth rate of the species similar
to that in the present study can be recognized in smaller size classes
(see Fig. 1 in Muller, 1974). Hohenegger (2006) showed that growth
pattern in B. sphaerulata can be expressed by exponential function. By
using this function, the relation between size and instantaneous growth
rate can be estimated as monotonically decreasing at the given size
range (above 0.29 mm2). Our data also show a negative correlation
between size and instantaneous growth rate in the size range of above
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Fig. 4. Posterior distribution of (A) parameter K and (B) parameter r in logistic growth curve.
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recognize a size-dependent growth pattern in B. sphaerulata.
Parameter K in a logistic differential equation indicates a theoretical
maximum size with zero growth. From the ﬁeld study on B. sphaerulata
population structure, maximum size is reported at 2.6–2.9 mm2
(1.4–1.5 mg1/3 in Hohenegger (2006)) in Okinawa, Japan, and at
2.45 mm2 in our sampling area (Hosono, personal observation). In
comparison with these values, a posterior mean of K = 2.66 mm2 is
considered to be reasonable.
Although the estimated credible intervals of the growth curve in this
study completely include the growth curve found in a sub-tropical area
by Hohenegger (2006) (Fig. 5), the subtropical curve of Hohenegger
(2006) appears to show faster growth rate in early stage (at
150–580 days). The reason for this difference is due to the uncertainty
in the assumption of parameter α in the logistic growth curve in this
study. We assumed α at 24.6 based on the observed value in subtropical
area, because initial size is unknown in tropical area. The parameter α
determines the intercept of the curve with the y-axis, and the logistic
curve easily shifts to the right or left depending on α. To accurately
compare growth curves, estimation for α from experimental measure-
ments is needed.0 200 400 600 800 1000
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Fig. 5. Estimated growth curve of Baculogypsina sphaerulata. Solid line: estimated logistic
growth curve, dashed line: 95% CRI, gray dashed curve: growth curve in subtropical zone
reported in Okinawa Japan (Hohenegger, 2006). Zero on x-axis means December 31 in
response to Hohenegger (2006).The growth rates of benthic foraminifera largely vary with environ-
mental factors such as temperature, depth, light intensity, feeding, and
season (Bradshaw, 1955; Duguay and Taylor, 1978; Erez, 1978; Hallock,
1981b; Lee, 1980). For example, growth rate of Amphistegina lobifera
increased signiﬁcantly with increasing light level from 0.3 μg/day
(1.6 μE s−1 m−2) to 6.6 μg/day (40 μE s−1 m−2) (Hallock, 1986) and
Hallock (1981a) reported that days to maturation in A. lobifera were
different between locations (280 days in subtropical Hawaii and
125 days in tropical Palau). From this environment-responsive growth
rate in LBF, we had expected the growth rate of B. sphaerulata in a
tropical area to be faster than in a subtropical area. However, the
development times to adult size (1.7 mm2) in both areas were similar
(1.3 year and 1.5 year in tropical and subtropical areas, respectively).
The growth curve in the subtropical areawas obtained based on seasonal
size shift in the ﬁeld population (Hohenegger, 2006). The population
experienced seasonal water temperature ﬂuctuation from 20–29 °C in
that area (Hohenegger, 2004). In contrast, water temperature in our
study area, Tuvalu, is approximately 29 °C (min–max: 27–31 °C in
2010) throughout the year (http://www.bom.gov.au/), and the
B. sphaerulata population structure was said to show no seasonal change
from a preliminary observation (Fujita et al., personal communication).
These differences in seasonality in water temperature ﬂuctuations and
population structures among different latitudes raise a new question:
why does different seasonality in population structure occur among the
locations despite similar growth rates? As a possible interpretation,
the large variation in growth rate observed in this study may cause
non-seasonality in the tropical population. Direct estimation for varia-
tions in growth rates of LBF by individual identiﬁcation is a unique
feature of this study. On the other hand, previous studies have used
averaged values of LBF growth rates per a culture vessel such as a cage
or a jar (e.g. Hallock, 1981b; Kuile and Erez, 1984), indicating that
variations in growth rates could have been underestimated. Alterna-
tively, seasonality in population dynamics may be caused by length of
reproductive season related to environmental factors other than water
temperature. Nutrients originated from terrestrial runoff increase in
raining season, but the increased nutrients are known to inhibit the
growth in Marginopora vertebralis (Reymond et al., 2011). Different
lengths of raining season between locations may lead to the difference
in population dynamics through changing development time to repro-
ductive stage. Further evaluations are required for understanding how
large variations in individual growth patterns or environmental factors
affect population dynamics in tropical environments.
4.3. Conclusions
This study uses a ﬂoating chamber method to reveal that
B. sphaerulata shows a size-dependent growth pattern with large
variation. This method facilitated experimental handling and allowed
161T. Hosono et al. / Journal of Experimental Marine Biology and Ecology 448 (2013) 156–161the estimation of variations in growth parameters based on individual
identiﬁcation. Through the rearing experiment, unexpected epiphyte
overgrowth on the species was observed, and the inhibition effect of
coral sand on the epiphyte growth was also conﬁrmed. This suggests
that the inhibitory effect of disturbance by sand and waves on the
epiphyte overgrowth may be one of the reasons why B. sphaerulata
prefer the most exposed areas among LBFs.Acknowledgments
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